Introduction
Polymers near to, or adsorbed on, surfaces exhibit useful and interesting properties. Adsorbed polymers find application in colloid stabilization, 1,2 nanoscale surface patterning , 3 friction modification, 4 ,5 DNA microarrays 6 and adhesion. 7 Polymers can be attached to appropriate surfaces either through chemisorption/grafting (i.e., anchoring by chemical bonds) or by physisorption (i.e., chain attachment by van der Waals interactions). For a weakly adsorbing surface the physisorption and resulting conformational relaxation of the chain is driven by the competition between the entropic repulsion due to the loss of conformational freedom and the drop in energy from binding monomers to the substrate. Earlier investigations have focused on thin-film polymer blends, [8] [9] [10] block copolymer micelles adsorbed on surfaces, [11] [12] [13] end-grafted polymers chemisorbed on surfaces, [14] [15] [16] and several other complex systems. The simple case of homopolymer chains physisorbed on a substrate has been studied with simulations of free [17] [18] [19] [20] [21] [22] [23] and tethered chains, [24] [25] [26] and through theoretical approaches; [27] [28] [29] experimental studies, however, are scarce.
In recent work by our groups , we studied the physisorption and self-assembly of star 30 and linear 31 polymers on smooth surfaces using atomic-force microscopy (AFM ). In a typical experiment, a polymer solution was prepared in a good solvent at concentrations below the critical overlap volume fraction ( *), resulting in well-separated chains in solution and hence precluding any strong degree of structural ordering within the polymer component. Polymer (sub-)monolayers were formed by exposing a smooth surface (such as highly ordered pyrolytic graphite or mica) to the polymer solution. The surface was then placed in a good solvent bath for several hours and extensively rinsed with good solvent to remove any non-adsorbed polymer . Finally, the samples were dried gently under a stream of nitrogen and subsequently imaged in air by AFM in tapping mode to investigate the resulting structures from this good solvent-to-bad solvent 'quench'. Depending on the polymer molecular weight, architecture, and concentration, very different surface structures can be obtained.
For the case of star polymers it was found that the functionality (number of arms) and concentration of star polymers controls a crossover between 'polymer ' and 'soft-colloid' regimes, being distinguished by characteristic cluster topologies, sizes, and surface coverages. 30 Using the same experimental procedure, we have now studied the adsorption of linear polybutadiene (PB) on to mica from toluene. A report of this investigation is in preparation, 31 but for the purposes of the current work, we present one key experimental observation on which we will aim to gain insight using computer simulations. In Fig. 1 (a) we present an AFM image of a freshly cleaved mica surface exposed for 30 minutes to a toluene PB solution (molecular weight 78.8 kg mol −1 ) leading to a surface coverage of 7.75 × 10 −2 mg m −2 . This image shows two distinct types of cluster . In Fig. 1 (b) we show the corresponding bimodal cluster -height distribution, with most probable heights of approximately 1 nm and 6 nm. In this work we aim to reproduce, and gain insight on, the development of bimodal cluster distributions using Langevin dynamics simulations of coarse-grained 'bead-spring' models of linear polymers . Cluster -height distribution corresponding to the AFM image in (a).
In the experimental quenching procedure described above, the microscopic structures of the polymer solutions in contact with surfaces prior to quenching must control the nature of polymer adsorption.
Hence, the behaviour of polymers in good-solvent conditions and near a surface is of considerable interest. In the past, adsorption and depletion-layer effects have been the subjects of many experimental, theoretical, and computer-simulation studies. Of particular relevance to the current work is the seminal study by de Gennes focused on the monomer volume-fraction profile (z) as a function of the perpendicular distance from the surface z. 32 De Gennes considered a semidilute solution of chains in contact with a weakly attracting wall, with the wall-monomer interaction of a range comparable to the monomer size a. In the semidilute regime, the polymer volume fraction in 'scale-free', because there is no characteristic length scale (unlike in the proximal or distal regimes, which are characterized by a and ξ b , respectively). The existence of a self-similar structure characterized by an exponent of −4/3 has been confirmed experimentally by neutron scattering 33 and by neutron reflectivity . [34] [35] [36] Results from Monte Carlo simulations of lattice polymer models are also consistent with this behaviour. [37] [38] [39] An incidental result of the current work is a demonstration that a coarse-grained, off-lattice polymer model can reproduce this self-similar structure, and with the correct exponent.
In this paper we report a simulation study of adsorbed linear-polymer films. We use Langevin dynamics simulations of coarse-grained 'bead-spring' models to gain insight on the results from polymer adsorption experiments. The outline of the study is as follows. Firstly, we study the properties of isolated adsorbed polymers (vanishing surface coverage). This situation has been considered many times before (see, e.g., Ref. 23 ), but for the purposes of comparison with the case of finite surface coverage, we reconsider specific single-molecule structural properties for the particular coarse-grained models being employed. Next, we deal with many polymers on a surface under good solvent conditions, corresponding to the prelude of the bad-solvent quench in experiments. Of particular interest are simulation measurements of (z) and the comparison with de Gennes' theoretical predictions. Finally, we simulate the good solvent-to-bad solvent quench, and its effects on the structure of the polymerfilm. Specifically, we identify under what conditions a bimodal cluster distribution (such as those seen in experiments- Fig. 1 ) should be expected. The paper is organized as follows. Section II contains details of the coarse-grained polymer model, and the simulation methods.
Results for isolated polymers and many polymers are presented in Section III. Section IV concludes the paper. larger than b will be left invariant. 27, 40, 41 Such bead-spring models of linear and star polymers were first introduced and employed in simulations by Grest and co-workers. [42] [43] [44] [45] In this work, Nbeads of equal mass m are connected to form a chain using a non-linear finitely extensible (FENE) potential between neighbouring beads, given by
Simulation model and methods

Linear
Here r is the bead-bead separation, R 0 is the maximum possible (bonded) bead-bead separation, and k is a spring constant. In this study we use parameters from earlier work, 43 namely R 0 = 3σ/2 and k = 30ε/σ 2 ; ε and σ are the energy and range parameters, respectively, for the non-bonded interactions to be defined next.
The non-bonded interactions operate between all pairs of beads, and are derived from a composite potential devised by Steinhauser. 46 The potential is a combination of three terms. First we write the purely repulsive Weeks-Chandler-Andersen (WCA) potential, 47 which is a Lennard-Jones potential cut and shifted at the position of the minimum, r min = 2 1/6 σ:
To represent the attractive interactions, the WCA potential is shifted back down in the range 0 ≤ r ≤ r min by a square-well (SW) potential (3) where λ reflects the solvent quality (to be discussed below). To interpolate the potential smoothly between −λε at r = r min and 0 at a cut-off distance r cut > r min , we add the term (4) α and β satisfy the conditions αr min 2 + β = π and αr cut 2 + β = 2π. The cosine form of the potential also means that dV cos /dr = 0 at r = r cut . Following earlier work, 46 we choose r cut = 3σ/2, for which the appropriate parameters are
The final, non-bonded potential is V(r) = V WCA (r) + V SW (r) + V cos (r), and is sketched in For simulations involving a surface, an additional effective bead-surface potential is used, 45 based on integrating the Lennard-Jones interactions arising from a homogeneous distribution of sites within the surface. The potential is (7) where z is the perpendicular distance of the bead from the surface, and ε s controls the strength of the bead-surface attraction. In our simulations we define ε s in terms of the basic energy parameter ε by defining the dimensionless ratio ε For simulating the bead-spring polymer chains, we used Langevin dynamics in which the system is coupled to a heat bath, corresponding physically to solvent . In addition to the conservative forces arising from the interaction potentials described above, each bead will feel random and frictional forces mimicking the solvent surrounding the bead. Thus the equations of motion for bead i are given by (8) where Γ is the friction coefficient, W i (t) describes the Brownian forces of the solvent acting on the bead, and V = ∑ i<j V ij is the total interaction potential. W i (t) is represented by Gaussian white noise satisfying the fluctuation-dissipation theorem 48 〈W
Simulations were performed in an L × L × H cuboidal box with periodic boundary conditions in all three directions and the minimum-image convention applied. The box dimension in the z direction was set to a large, but finite, value of H = 200σ, and the surface was represented by a structureless, L × L × l solid slab with a thickness l no less than the maximum range of interaction between beads. To control the surface bead density, L took on values of 80σ through to 180σ, which were always large enough for polymers in their natural conformations to avoid interacting with their own periodic images. The simulation conditions mean that the polymers are at finite density within the simulation cell , and so there is an equilibrium state where the polymers are adsorbed. In principle, the polymers could adsorb on either face of the slab, but they cannot interact with each other because l is larger than the interaction range, and H is much larger than typical polymer dimensions (as measured by the radius of gyration, R G ); hence, the two surfaces are essentially isolated from one another. In practice, initial configurations were prepared by placing the polymers on one face of the slab, and all subsequent measurements were made for that one surface. Simulated properties are reported here in reduced units defined in terms of m, ε, and σ. The equations of motion were integrated using the velocity-Verlet algorithm with a time-step δt = 0.007τ, where is the basic unit of time.
In all cases, the reduced temperature k B T/ε = 1, and the reduced friction coefficient Γτ = 1.
Results
We have studied three different situations using Langevin dynamics simulations: (i) the behaviour of coarse-grained, bead-spring models are known to reproduce faithfully the semi-quantitative properties of polymers , and so despite the small lengths of our chains, we anticipate that the various trends seen in our results will be of relevance to experiments on ultra-thin polymer films after a sudden change in the solvent quality. Our choices for ε * s are based on achieving a suitable degree of surface adsorption. We have not attempted the difficult problem of determining this effective interaction parameter from first principles; this would involve using atomistic representations of the surface, polymer , and solvent in order to determine the direct and solvent -mediated forces acting between the polymer and surface.
A. Isolated polymer
The average conformation of a polymer in dilute solution is well understood, and has an isotropic globular shape defined by a radius of gyration R G , which scales with the number of monomer units N likeR G N ν where ν is the characteristic Flory exponent equal to 1/3 in a bad solvent , 1/2 in a θ-solvent, and 3/5 in a good solvent . 27 In the proximity of a surface, the number of available polymer conformations is reduced, leading to a decrease in entropy. Adsorption occurs when the surfaceenergy parameter ε s exceeds a certain critical value, ε c s , signalling that the energetic contribution to the free-energy from polymer -surface interactions becomes significant. 27, 49 The accompanying change in polymer conformation can be interpreted as the order parameter for a type of second-order phase transition at ε s = ε c s . 27, 49 It is useful to define the dimensionless variable κ
which measures the relative distance from the critical point. We also define the scaling variable y,
where is a crossover exponent; this variable appears in the scaling analysis of polymer adsorption. where each chain is tethered to the surface by one end; 25, 26 case (d) has been studied in simulations of free chains. [21] [22] [23] Earlier simulations using the same type of bead-surface potential as in eqn (7) suggest that, in reduced units, the critical surface-energy parameter ε c s /ε 0.1. 26 The values of ε * s used in the current simulations (reported below) correspond to the strong coupling regime.
All isolated-polymer simulations began by placing a linear chain in good-solvent conditions (λ = 0) close enough to the surface for adsorption to occur. Once the chain had adsorbed, the solvent quality was adjusted by changing λ to the desired value. The molecule was equilibrated for around 10 6 δt, and then properties were measured over a production run of 5 × 10 6 δt. Fig. 3 In general, the average maximum height 〈h〉 for all systems with ε * s ≥ 0.6 shows a very weak dependence on λ, there being only a slight hint of an increase as the bad-solvent conditions (λ = 1) are approached; this is due to the 'bunching up' of the beads, to take advantage of their mutual attractive interactions. But on the whole, the strong bead-surface interactions keep the polymers quite flat on the surface, with small, short-lived 'loops' and 'tails' appearing as beads lift off the surface as a result of thermal fluctuations.
Different behaviour is observed in those systems with N = 100 and 200 beads, and ε * s = 0.4, in which 〈h〉 clearly decreases with increasing λ. This, again, is due to the 'bunching up' of the polymer chain, much like an accordion being compressed. The difference here, though, is that with such a weak bead-surface interaction parameter, the polymers possess only a small number of contacts with the surface, leading to the formation of large, long-lived 'loops' and 'tails' oriented perpendicular to the surface. When λ is increased, the loops and tails contract, leading to a reduction in the height of the polymer ; but with a weak bead-surface interaction, this process occurs without the loops flattening out and forming new contacts with the surface.
B. Many polymers -good solvent
Polymers in good solvent experience purely repulsive mutual interactions. Appropriate simulations with λ = 0 were initiated by preparing configurations with many 'curled up' polymers on a surface, and equilibrating for around 10 6 δt. For chains of N = 50, 100, and 200 beads, we initially placed 200, 100, and 50 chains on the surface, respectively, leading to the same total number of beads in each case. Following equilibration, we performed a production run of 2.5 × 10 6 δt. The adsorption is measured by the equilibrium surface bead density, defined in terms of the number of beads N ads belonging to those chains with at least one bead-surface contact, defined using the distance-based criterion z ≤ 1.2σ. Note that N ads is, in general, greater than the number of beads actually bound to the surface. The reduced surface bead density is ρ* = N ads σ 2 /L 2 . By placing a fixed number of chains on surfaces of various sizes, we simulated surface densities up to that corresponding to the critical overlap concentration. In other words, we approached the semidilute regime within the adsorbed film.
During equilibration runs near the critical overlap concentration, some of the polymers were seen to desorb as the system approached the steady state.
We first consider the average bound fraction 〈Φ a 〉 and maximum height 〈h〉, presented in Fig. 5 .
Results are shown as functions of the surface bead density ρ* for chains of N = 50, 100, and 200 beads with bead-surface interaction parameters 0.4 ≤ ε * s ≤ 1.0. For comparison, points for isolated chains are shown at ρ* = 0, the effective density in this case. In all cases, 〈Φ a 〉 decreases with increasing ρ*. This may be explained by the entropic penalty associated with a reduced number of molecular conformations due to crowding; this effect becomes more pronounced as the surface density is increased. With purely repulsive bead-bead interactions, there is no additional energetic gain upon adsorption (above the bead-surface interaction) to offset the growing entropic penalty.
Hence, it is more favourable for some beads to lift off the surface to ease crowding. Some additional observations are that for a given N and ρ*, 〈Φ a 〉 increases with increasing ε * s ; and that for a given ρ* and ε * s , 〈Φ a 〉 is essentially independent of N. We note that 〈Φ a 〉 has been examined in experiments on linear-polymer films, 51 but these were conducted with chemisorbed molecules, as opposed to the physisorbed molecules considered in this work. Chemisorption reduces sorbate mobility, and hence reduces the opportunity for reorganization. In addition, molecules can be irreversibly chemisorbed through fewer surface contacts than those required for physisorption. Both of these effects lead to relatively low bound fractions, as compared to the results reported here. , which for good-solvent conditions
. h 0 is the constant of proportionality from eqn (12) .
The effects of the surface-interaction parameter on the conformations of polymers in good-solvent conditions can be characterized in terms of the radius of gyration R G defined by (13) We note that R 2 G can be decomposed into components perpendicular and parallel to a surface, but the average value defined above is sufficient for the current purposes. Fig. 8 shows the ratio γ The probability density p(z) for the many-polymer case is shown in Fig. 3(c) . Specifically, we show results for chains consisting of N = 100 beads, with λ = 0, a fixed surface-interaction parameter ε simulation results appear to be consistent with this scaling law. For the system with ρ* = 1.0, the central regime covers the range 2 ≤ z/σ ≤ 10; approximate ranges of the proximal, central and distal regimes for this system are indicated in Fig. 3(c) . In general, the theoretical scaling predictions should apply to long chains and to adsorption from semidilute solutions. The experimental 31 and simulation conditions correspond more closely to those of an adsorbed film in contact with a pure solvent ; in addition, the simulated chains are relatively short. Our results approach the expected z −4/3 scaling with increasing density, as the conditions near the surface begin to resemble those in a film formed by adsorption from semidilute solutions. We note that the upper limit of the apparent central regime ( 10σ) is comparable to the radius of gyration of an isolated polymer ( N ν ) with N = 100 monomers.
that our simulation results are at least consistent with the theoretical predictions; 28, 29, 32 coarse-grained, off-lattice models of polymers in good solvent appear to form de Gennes' 'self-similar carpet'.
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C. Many polymers -bad solvent
The final step in the experimental polymer -adsorption procedure being considered here, is the quench from good-solvent to bad-solvent conditions, corresponding to rinsing with solvent and then drying in nitrogen /air. In our simulations, we mimic this step by starting simulations from well equilibrated configurations with λ = 0 (good solvent ) and then instantaneously switching to λ = 1 (bad solvent ).
We then re-equilibrate the system for 2 × 10 6 δt, during which time the system was seen to reach an apparent steady state. In our experiments, the surfaces were imaged after having been stored at room temperature ( 125 K above the glass-transition temperature) for periods of several weeks; the observed cluster structures may well represent the equilibrium, or close-to-equilibrium, state, since the system has had time and sufficient thermal energy to relax. In our simulations no restrictions exist in the lateral directions, e.g., surface roughness, thus allowing the polymers slowly to diffuse on the surface. In earlier simulations of polymer films on surfaces, apparently metastable structures have been observed for periods of time that might extend towards experimental timescales. 54 Simulations therefore provide valuable insights on the experimental images. Nevertheless, it is easy to imagine that the true equilibrium state-if accessible-would correspond to a single, large (hemispherical)polymer droplet; [17] [18] [19] so the observed behaviour in our simulations might best be described as metastable. This is because the diffusion rate of an absorbed polymer chain in a bad solvent is not only lower than that in a good solvent , but also inversely proportional to the number of beads. 20 Thus, within the simulation timescale, clusters and isolated chains may not diffuse sufficiently far in order to form a putative, single-droplet equilibrium structure. In any case, the structures we observe are apparently static on the timescales accessed in the simulations. Fig. 1(b) . A direct, quantitative comparison is not feasible because we have not considered a specific, coarse-grained molecular model tailored to describe 78.8 kg mol −1 linear PB adsorbed on mica. Another factor that might influence the pattern formation, and that has not been considered in the simulations, is polydispersity in the lengths of the chains. Nonetheless, we suggest that the general picture, to be sketched out below, will apply to the real, experimental situation. From these results, we can picture the polymer behaviour during the good solvent-to-bad solvent quench as follows. At low density and with a low surface-interaction parameter, the polymers are largely isolated from one another and the probability of forming bead-bead contacts is low because of the large mean separation and the existence of 'loops' and 'tails' extending perpendicular to the surface. The polymer conformations are essentially the same as for an isolated polymer . During the quench, the majority of polymers simply fold up by themselves; successively smaller proportions of the molecules form dimers, trimers, etc., leading to a monotonic, rapidly decaying cluster distribution.
At high density and with a high surface-interaction parameter, the polymers are held flat on the surface and hence the chains form many more contacts with their neighbours. Therefore, during the quench, polymers aggregate with their neighbours and go on to form large clusters . The cluster distribution is consequently peaked at a relatively large value. At intermediate values of the density or the surface-interaction parameter, the polymer conformations are not significantly different from those of isolated polymers , but there are many more opportunities for forming contacts with neighbours. These factors favour a mixture of the extremal processes described above, and so give rise to a bimodal cluster distribution.
Conclusions
In this work we have used Langevin dynamics simulations of a coarse-grained, bead-spring model to gain insight on the adsorption of linear polymers on to a smooth surface. The main experimental results we set out to understand are AFM images of polymers physisorbed from solution on to mica surfaces during a process of rapid solvent evaporation . We mimicked this process by switching the bead-spring model interactions from good-solvent to bad-solvent conditions. Of particular interest was the experimental observation of a bimodal cluster distribution. We have shown that this feature is favoured at low-to-moderate polymer concentrations, and over a broad range of polymer -surface interaction strengths. At high concentrations, a single-peaked distribution is observed; at low concentrations, and with weak polymer -surface interactions, a monotonically decaying cluster distribution is obtained. The trends observed in simulations have been rationalized in terms of the probable numbers of contacts between polymers before quenching from good-solvent to bad-solvent conditions.
We have measured and rationalized the trends in a variety of other properties including the fraction of monomer units bound to the surface, the height of the adsorbed polymer film, and the radius of gyration of an adsorbed polymer chain. An additional, incidental result of this study is the reproduction of an algebraically decaying density profile within the 'central regime', as predicted by de Gennes using scaling arguments; 32 Future simulation work will be focused on the adsorption and clustering of star polymers on smooth surfaces. In addition, the kinetics of adsorption and clustering will be explored in detail. For now, we note that two distinct mechanisms for the self-assembly of adsorbed polymers were identified through inspecting movies of the simulated quenching process. In the first mechanism, weakly adsorbed chains first collapse into individual globules, which then slowly diffuse over the surface and coalesce.
The cluster distribution then apparently reaches a steady state on the simulation timescale. This process was more common with small chains (with N = 50 beads) at low concentrations. The second mechanism involves the development of contacts between the polymers prior to quenching, i.e., in good-solvent conditions. Upon quenching, the chains collapse into one another, and form more extended structures. Occasionally, we observed a chain bridging between two others, and causing all three to collapse simultaneously. These mechanisms were favoured by longer chains (N = 200 beads) at high concentrations. A detailed simulation study of the kinetics of the adsorption and clustering processes is in progress.
